Introduction
Detection of microbes by the innate immune system relies on several families of pattern recognition molecules (PRMs) that recognize conserved microbe-associated molecular patterns (MAMPs) that are highly conserved and are not produced by the non-infected host. Among those families of PRMs are the Toll-like receptors (TLRs) and Nod-like receptors (NLRs). In addition to the detection of MAMPs, certain NLR proteins, such as NLRP3, detect cellular perturbations or molecules, known as danger-associated molecular patterns (DAMPs) that can arise as a result of an infection or following aseptic tissue damage (1).
NOD1 and NOD2 are two members of the NLR family of PRM that detect bacterial peptidoglycan (2) . The specificity of NOD1 and NOD2 for peptidoglycan motifs is extremely high, as NOD1 detects meso-diaminopimelic acid-containing Nacetyl muramic acid (MurNAc)-tripeptide (Mur-TriDAP) found predominantly in Gramnegative bacteria (3) (4) (5) (6) , whereas NOD2 detects muramyl dipeptide (MDP) found in both Gram-negative and Gram-positive bacteria (3, 7, 8) . Detailed studies on the minimal structural requirements of the peptidoglycan ligands needed for NOD1 or NOD2 activation revealed that the MurNAc moiety is not required for NOD1 activation as the D-Glu-meso-DAP dipeptide (iE-DAP) is sufficient for detection and innate immune activation by this PRM (3, 9) . NOD2, on the other hand, can only be activated by muramyl dipeptides that have an intact MurNAc ring structure, and the sugar has to be attached to a dipeptide moiety (L-Ala-D-Glu or L-Ala-D-isoGln) (3, 10) . Importantly, studies have shown that both NOD1 and NOD2 can directly bind to TriDAP and MDP, respectively, thus showing that NOD1 and NOD2 are bona fide cytoplasmic receptors (11) (12) (13) , and that this interaction requires the leucine-rich repeat region of NOD1 and NOD2 proteins (14, 15) .
While functional and binding studies demonstrate that NOD proteins have an extreme specificity for certain peptidoglycan fragments that is conserved in multiple Vertebrates species, recent studies have suggested that NOD signaling could also be triggered by viral infection (16) , small Rho GTPases regulating the cytoskeleton (17) , and endoplasmic reticulum (ER) stress (18) , implying that peptidoglycan-independent mechanisms of NOD stimulation may exist. This suggests that in addition to their high specificity towards peptidoglycan fragments, NOD1 and NOD2 may serve as promiscuous sensors of multiple and unrelated cellular stresses. Here, we aimed to better characterize how NOD proteins trigger pro-inflammatory signaling in response to ER stress. While we confirm that thapsigargin, a specific inhibitor of the ER sarcoplasmic or endoplasmic reticulum calcium ATPase family (SERCA) calcium pump, triggers proinflammatory signalling in a NOD-dependent manner (18), our results suggest that this effect is actually mediated by the Ca 2+ -dependent internalization of peptidoglycan trace fragments found in the fetal calf serum added to cell culture media. Of note, low levels of peptidoglycan in human serum have already been reported, and were shown to stimulate hyphal growth of Candida albicans (19) . Together, our observations suggest that cellular perturbations that lead to increased intracellular Ca 2+ levels may inadvertently trigger NOD-dependent signalling through the internalization of peptidoglycan contaminants, which offers an alternative explanation for the proposed promiscuous activation of NOD receptors by multiple unrelated stresses. These observations also suggest that chronic homeostatic peptidoglycan sensing by NOD proteins may impact multiple cellular processes in ways that have been overlooked previously and open up interesting questions in innate immunity, relating to understanding the physiological role of circulating peptidoglycan at homeostasis, both at the cellular and the tissue level.
Results and Discussion
The human intestinal epithelial cell line HCT116, either wild type (WT) or knockout out through CRISPR-Cas9 for NOD1, NOD2 or both NOD1 and NOD2 (NOD1/2 double knockout or DKO) described previously (20) were stimulated with the ER stress inducer thapsigargin, which inhibits the SERCA pump that transports Ca 2+ to the ER lumen.
While thapsigargin induced ER stress similarly in the four cell lines tested, as determined by the transcriptional upregulation of the heat shock protein GRP78 (also known as BiP and encoded by the HSPA5 gene) (Fig. 1A) , transcriptional upregulation of the proinflammatory cytokines CXCL1 (Fig. 1A) , IL-8 ( Fig. S1A) as well as the chemokine CCL20 ( Fig. S1A) (Fig. 4B) , implying that the effect required endocytosis. We concluded that a heat-resistant small molecule present in FCS is brought in by endocytosis to stimulate NOD1/2 proteins during thapsigargin stimulation.
All the experiments above point to likely presence of peptidoglycan contaminants in the cell culture grade FCS in which our cells were grown, and that these contaminants would be internalized by endocytosis at a higher rate following an increase in intracellular Ca 2+ , resulting in NOD-dependent stimulation of pro-inflammatory signalling. A previous study similarly reported that peptidoglycan traces found in human serum were responsible for hyphal growth of Candida albicans (19) . To directly determine if our cell culture FCS contained peptidoglycan fragments, high-pressure liquid chromatography coupled to mass spectrometry was conducted on two separate batches of FCS, which revealed the presence of multiple muramyl peptides and peptidoglycan derived peptides (Fig. S4 ). In particular, several muramyl peptides 36) ), it is tempting to speculate that tonic low-level activation of NOD1/2 systemically caused by circulating peptidoglycan fragments may have far-reaching implications for host physiology that need to be fully characterized.
Experimental Procedures

Cell culture
The human epithelial HCT116 cell line (American Type Culture Collection) was cultured in Dulbecco's modified Eagle medium (DMEM) supplemented with 10% fetal calf serum (FCS), 2 mM L-glutamine, 50 IU penicillin, and 50 µg/ml streptomycin (Wisent Bio Products). Cells were maintained in 95% air, 5% CO2 at 37°C. Endotoxin-free FCS and phosphate-buffered saline (PBS) were from Wisent (Saint-Bruno-de-Montarville, Quebec, Canada). In some experiments, cells were washed with PBS and cell culture medium was replaced with Hank's Balanced Salt Solution (Thermo Fisher) supplemented or not with CaCl2 (Sigma; 140 µg/ml).
Reagents
Muramyl dipeptide (MDP) and iE-DAP (both at 10 µg/ml) were from Invivogen.
Thapsigargin (0.1 µg/ml), tunicamycin (1 µg/ml), A23187 (1 µM), dynasore monohydrate (80 µM) and BAPTA-AM (15 µM) were from Sigma. SubAB and SubA272B (50 ng/ml) were a kind gift from Drs James and Adrienne Paton (University of Adelaide, Australia).
RNA isolation and quantitative RT-PCR
RNA samples were prepared using the GeneJET TM RNA Purification Kit (Thermo Scientific) according to the manufacture's protocol. Eluted RNA was treated with DNase I (Fermentas) at 37 o C for 1 h to remove genomic DNA. cDNA was prepared from 1 μg of total RNA using OligoDT, random hexamers, dNTPs, RNase OUT (Invitrogen) and M-MLV Reverse Transcriptase (Sigma). cDNA was diluted accordingly and prepared in 12 μL reactions using SYBR® Green qPCR Mastermix (Applied Biosystems). The CFX384
TouchTM Real-Time PCR Detection System (BioRad) was used to obtain the raw CT values. Results were analyzed using the 2 -ΔCt formula normalizing target gene expression to the TBP housekeeping control.
Primary murine organoids
To generate organoid cultures, crypts from the small intestines of mice were extracted as previously described (37) . Briefly, the villi of the small intestine were removed by scraping, followed by washing with cold PBS. The remaining tissue were then homogenized and incubated in 2 mM EDTA in PBS for 30 min at 4 °C, followed by vigorous washing in PBS several times to obtain crypt-enriched supernatant fractions.
The supernatant fractions were then passed through a cell strainer, pelleted at 300 g for 5 min at 4 °C and resuspended in 50 ul Matrigel (Corning). The crypt-containing organoids were cultured by plating onto the center of a 24-well plate and grown in 500 ul crypt culture medium supplemented with growth factors (R-spondin 1, Noggin, EGF).
Organoids were allowed to grow 7 days, followed by passaging onto 6-well plates for stimulation (roughly 10-15 isolated organoids).
NF-κB luciferase assay
To measure NF-κB luciferase activity, 250,000 HCT116 cells (WT or RIP2 KO) were 
LC/MS analysis of serum samples
Aliquots of FCS from different lots were tested as well as serum from laboratory mice kept in our facility in specific pathogen free (SPF) conditions. 20 µl of sera were loaded into the LC-MS platform. The LC-MS platform consisted of an Ultimate 3000 UHPLC coupled to a Q-Exactive mass spectrometer equipped with a HESI II source (Thermo Scientific). Control of the system was performed using Thermo XCalibur 2.2 software and Chromeleon 7.2 software, with data processing conducted using Thermo Scientific Quan Browser. Separation by liquid chromatography was conducted on a Thermo Scientific Hypersil Gold C18 column (50mm×2.1 mm, 1.9 μm particle size). The pump was run at a flow rate of 300 μL/min. Solvent A was water containing 0.1% formic acid; solvent B was acetonitrile containing 0.1% formic acid. The gradient was: 0 min, 5% B; 1 min, 5% B; 2 min, 30% B; 3 min, 30% B; 4 min, 50% B; 7 min, 80% B; 9 min, 80% B; and a maximum injection time of 50 ms. Data collected were analyzed using Quan
Browser.
Statistical analysis
Significant differences between mean values were evaluated using a two-way ANOVA with multiple comparisons using Prism 5.0. In all RT-qPCR experiments presented in this study, each point represents the average (from three technical replicates) from one experiment. Data from at least three independent experiments were pooled to generate each of the graphs presented. (****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05). 
